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Abstract

It is proposed to use a muon beam at NAL to study inelastic
scattering. The muon beam will héve an energy 100 * 2.5 Gev, with
106 instantaneous, 3 X 105 average, muons per second. If a béam of
107/sec becomes.gvailable it is possibie that improved technology
will immediately allow its’use. The scattered muons and the electro-
produced hadrons will be detected in a spectrometer system consisting
of a large magnet equipped with a sét_of wire spark chambers and scin-
tillation counters. It is proposed to use both hydrogen and deuter-
ium targets, of length 200 cms. The experiment has in particular

the following goals:

1) Measure the structure function Wz(qz,v) over the range
20 Gev < v < 90 Gev, and 0.2 < g <« 20 (Gev/c)z.

2) Study tho electroproduction in such a manner as to thain
the density‘matrix elements as a function of q2, t and v.

3) Studv the momentum spectrum and multiplicity of the electxo-
produced hadrons.

4) Use the recoil protons to make a study of the electroproduc-—

tion of forward going mescns.

It is estimated that these measurements will require 800 hours of
running time.

The proposal also discusses other possible measurements such as:
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(i) a separation of Wl(qz,v) and Wé(qz,v)

(ii) a study of Wz(qz;v) at 10 < q2 < 100 (Gev/c)2

(iii) a study of muon bremsstrahlung as é test of QED

(iv) use of small qz electroproduction measurements to measure
the total photoproduction cross section

(v) use of a polarized target to stﬁdy the spin dependence of
inelastic scattering

(vi) use of heavy targets to study coherent vector mesan pro-

duction, muon tridents and search for W mescns



1. Statement of the Experiment

A beam of muons of energy lOO Bev, in an area 4" square, and
instantaneous intensity 106 per second, and average 2.5 x 105/second,
will be needed. According ﬁo a report by T. Yamanouchi to a ﬁsers’
workshop in March 1970, such a beam is possible and will be available
~in Experiméntal Area 1 on or after January 1, 1973. The beam inten-
sity is limited by the confusion caused by stale beam tracks in the
wire spark chambers planned. It is-possible that improved techrology
will enable us to use 107 u/second. If this is the case, the count-
ing rate and the experiment will be much improved.

This beam will be scattered from targets of liquid hydrogen and
liquid deuterium. The scattered muons will be detected in a wire
spark chamber spectrometer. Other charged particles from the collision
will alsc be detected in this spéctrometer, if, as many of them will,
they proceed in the forward direction. The "recoil' nucleons can also
be detected at larne angles without a spectrometer, but their energy
will be measured by time of flight and a total absorption scintillator.

The experiment is to measure the inelastic scattering over the
range of parameters 0 % q2 < 20 (Gev/c)2 and v=E - E' in the range
20 Gev < v < 90 Gev. 'We will obtain the following results:

{i) VWe will measure the structure function Wz(qz,v) for inelas-

tic scattering over this range. This will be by observation of the



muon.
(1i) We will measure some general features of all inelastic

scattering processes. The multiplicity of outgoing particles will

be measured.

(iii) Some specific channels will be observed. In partiéular
we expect to follow forward rho and phi muoproduction by the 2x
meson or 2K meson decay; éach charged pion (or kaon) will be meas-
ured in the spectrometer. |

(iv) We will measure the angle and energy of "recoil’ protons
and thus make a mass plot of all forward produced mesons, using
Maglic's method,

“(v) We will compare'wz(qz,u) for protons and deﬁterons, and by
subtraction for neutrons.

(vi) Further experiments that can be done with this apparatus
are outlined in Section 8. They include:

a) Muon bremsstrahlung in hvdrogen will be detected by the
scattered muon and the accompanying vy ray. We anticipate that a check
of QED can be made which is sensitive by present standards (A > 10 Gev/e).
We do not urge this as a primary aim at this moment since we antici—
pate that colliding beam experiments will be more sensitive. However,
it is probable that these events will céme automatically with our
present proposal.

b) As q2 ~+ 0, the resolution in q2 gets worse for the

proposed apparatus and the counting rate goes up. A special run



with the target‘fﬁrther from the spectrometer is needed for a precise
measurement. The extrapolation toiq2 - 0 can giﬁe the total photo-
production cross section o{y p) and oy n) = oy d) = oy p) to an
accuracy of 2% compared with about 10-15% from our proposed first run.
Although this may not be the best way to determine o(y pj (we

proposed a better way in B 268-54) it comes with little effort using
the same apparatus.

¢) If we repeat the experiment with a range of muon energies,
we can separate ﬁl(éz,v) and Wz(qz,v). When v is close to the inci-
dent muon energy we will measure Wl(qz,v); when v is far from the
incident muon energy we will measure wz(qz,v).

d) Even if the technology does not improve sufficiently
that we can trigger the apparatus as described at 107/sec, we can
use a special "high q2" trigger to follow up inelastic scattering up
to q2 = 50 (Gev/c)2 or even 100 fGe#/c)z.

e) By addition of a polarized target, the spin dependence
of inelastic scattering can be measured.

f) By a change from a hydrogen target to a heavy element

target, studies of coherent vector meson production, muon tridents,

and a W search.



2, Justification of the Experiment

The inelastic scattering of leptons by protons can be described,
in the one photon exchange approximation, by the equation discussed

in Appendix E

. . -2 . .
dzo 4ol E! ( 2 ) 1 q? 20T(q »v) q2+u2\
= = W, (qd",v - + : -
2 4 E 2 %0 ' 2 EE'
dq dv q ' 4EE co(q ,v)+cT(q2,v) APE /

where we integrate over all tadron states. In the last few years in-
elastic lepton proton scattering has been studied at several labora-

L

tories. The experiments, briefly summarized, show that for

2 1 2 : 2 ; : 2
q >-§-(Gevlc) , and v >2 Gev, vwz(q ,v) & 0.3 and Uc(qz,v)/oT(q av)

. 2 . :
< 0.3. This constancy of sz(q ,v) is surprising.
A cconvenient summarv of the experimental and theoretical situa-
tion is given in the articles bv R. E. Tavler, J. D. Bjorken, and
S. D. Drell at thée 'Wisconsin Conference,” April 1970.
s N y \ . tiose A2 s
Bjorken has already shown that in the limit ¢ -+ 1= (which does
not seem to be a peint that is experimentally accessible), vwqu ,V)
(a2 . e e . 2, -
and wl(q ,v) approacn definite limits and become furctions of a” /v
alone. Moreover these functions are interesting commutaters of hadrenic
currents. The exnerimentally excitinz result is that experiment
vz 1 £ 4 PR U I 2 .
reaches Bjorken's limit at a low wvalue of a7, so low indeed that
vector mescn dominance might be expected to hold.
The experiments have led theorists to trv to discover why the
flyy & FRRE P A | 2 = " 1 ],
Bjorken limit" (g~ = i=) is reached so soon. There have been many

papers of varvine degrees of sophistication. The onlv ones on which

o coxment, {(in our own words) are thoso which describe the inelastic

bt D VY



lepton proton scattering as a quasi-elastic lepton parton scattering
vhere a parton is a part of the nucleon. We cannot describe the
parton as a part of the nﬁcleon in the same way as an atom is a

part of a crystal or a nucleon is a part of the nucleus; the binding
‘energy is a large fraction éf the mass. However, the fact that
00/0T < 0.3 suggests that leptons scatter from parfons fhrough their
spin [just as for elastic lepton proton scattering GM(QZ) is finite,
implying a finite magnetic moment, and GE(qZ)/TGM(qZ) < 1].

Although some of the words belﬁw imply a belief in the parton
model, we wish to stress our beliéf that the importance of this ex-
periment is quite independent of this particular model, and although
we. use the model to guidé ouf search for important regions of inter-~
est, the major considerations are of kinematics and of apparatus.

We expect that fhe muon beam at NAL will eventually be used to
measufe £he structure functions wl(qz,u) and Wz(qz,u) over a wide
range 10 Gev < v < 300 Gev; 0 < q2 < 100 (Gev/c)2 and that many indi-
vidual kadron channels will be studied. This expectation leads us
to design flexible apparatus and a flexible beam channel. The theor-
etical reasons for the particular region to be studied in this first
experiment, are given below., More important are the experimental
reasons, because our present view is that all regions ére interesting,
and we wish to study ghe easiest first.

The "scaling" of wz(qz,v) needs to be studied over a wider range

of parameters. Rreakdowns are particularly expected at large valyes



2 2 82, ,
of (q¢°/v). We may not, however, study q > 20 (Gev/c)™ in the first
instance because a high beam ‘intensity is needed. If technology
improves, this can be done in the presently proposed run without
sacrificing resolution.and multitrack efficiency at low q .

. 2 u (a2 - .

The separation of Wz(q ,v) and «l(q ,v) —— or alternatively
co(qz,v) and oi(qz,v) can be crudely related to .the spin of the par-
ton. This is clearly interesting, but it needs a good control over
both statistical and systematic errors, and also needs a change in
beam parameters which may produce problems in the first phases of
NAL operation.

The limits of o (qzlv) as q2 -0 is ¢ (v) and hence the

T ’ i ytotal

s ) .
limits of j% wl(q“,v) and Wz(qz,_v)/q2 as q? + 0 are oétotal{;;,

"
These can be determined by careful measurements over, the range

2 2 . e s
0 < q° < % over which range there is considerable variation. The

+h
th

behavior of' s (v p) as a funection o©

energy is more Iinterssting
tot - : -

(7 P) tecause the mass of the ohoton

than that, for examnle, of
tot

&

is zero, and this makes the dispersion relation simpler.
. 2 2 .,
Eowever, accurate measurements helow q = 0.2 (Gev/c)™ will be
limited by the precision in angular measurement (leading in turm to
-, 2 s R . . . .
an error in q°) (sec Appendix A). To overcome this needs either
; . 2 -
improved technology or a special run at louv bean for low ¢ only. In
view of the greater interest in the parton model, we will measure
s{y P) to onlv ahout 10-157 at this time. A special run later can

improve this number.



The difference between scattering from neutrons and protons is

. . , 2
very important. This difference, integrated over v and ¢, appears
directly in Cottingham's discussion of the np mass difference (al-
though it is now believed that that calculation, as it stands, gives
an infinite answer). Moreover it is important as a means of discrim-
inating between rival theories. The diffraction theory of deep
inelastic lepton proton scattering predicts the same cross sections
for lepton neutron scattering. Parton models can give different

P 2
results, varying with (q7/v).

Although experimental results are expected from an MIT-SLAC
group in the summer of 1970, the range must be extended, because
equality of lepton proton and lepton neutron scattering over a wide
range is needed to disprove the parton model,

The rho meson photoproduction in the {orward direction is inde-
pendent of emergy up to 15 GeV/c, and is 15% of the total P cross
section., Electrorroduction has not vet been measuted, but is expected
to be measured within a vear or so. It is interesting to follow this

2
channel up to the highest energy: to measure the dependence.on-g-;..
the momentum transfer distribution to the nucleon, and the density
matrix elements.

. 2 2 .

We note here that GT(Q ,V) varies as 1/q°, whereas the rho dom-
P - . 2, 2,42 ; s
inance prediction is {1/(q"+n")]". We can decide which dependence
is correct. Moreover, according to the naive rho dominance predic-
tion, the dependence on the momentum transfer (t) io the nucleon

2 .
should be independent of q°. Wu and Chengz suggest that this t



dependence should become flatter (and presumably the cross section
integrated over all t will fall sIower‘tﬁan [l/(q2 + mz}]z_). The
incident muon is longitudinally polarized, and over a wide range

(v2 ; EE') {(see Appendix &) the virtua1 photon will be circularly
polarized. The rho, if diffraction produced, should retain this
circular polarization. We discuss this further in Appendix D.

"If we:find the rho production varies as [1/(@2 + mi)]2 it is
interesting to see whether the phi production varies as [l/(q2+m§)]2;
We will have enough events to distinguish m and m .

Muon beam experiments have, so far, concentrated upon those
matters specific to muons; /e universality; tridents; u bremsstrahlurg.
The availability of electron beams with a small cross section (1 mm
diameter) and high intensity has caused electron beams to dominate the
field of electromagmetic intcractions. e expect this to change for
the following reascns.

l) No such electron beam will soon be available above 20 Gev.

2) The secondary beams at NAL will have a good (25%) duty cycle;
instead of 4% from electron synchrotrons and 0.17 from SLAC.

3)_;Lbeams will bebavailable with higher intensity and less halo

than before. They will also be 100% polarized along the direction

of motion.



(i) Muon Bean

fhe incident beam will have an energy spread of about 5%; it
may have a low energy tail; (this could give us trouble; see the
section on triggering below) it may also have a "halo.'" 1In general,
we expect ghe beam to be as described by Yamanouchi in his ieport to
the 1970 Annual Users' Meeting; we find this beam completely adequate
and will not comment further on it here.
Ve intend to measure the muon beam energy and direction by'counter
hodcs¢opes before and after the last bending magnet in the u transport
are
system to 0.3 GeV ocut of 100 GeV. These hodoscopes being used in the uP II

experiment at Broolkhaven (and built by Messrs. Read, Sculli, and Yaranouchi):

alternatively thev could he cories.

(ii) Magnet Snectrometer

w™a

A sketch of the uP scattering apparatus is shown in Figure

v,
et

and a schematic detail in Appendix A, Several important design gozls

<

have been incorporated in this spectrometer and we believe it is op-

¥

timized for the initial survey and exploratory werk in the new

$ 2 3 1 ATA =1 1 1 3
domain of v,q available at YMAL. The zpparatus can be characterized
as a large acceptance~medium resolution dipole spectrometer. 1Its

heart is a large H-magnet, which we take at present to be the "Jolly

Green Giant,” a magnet owned by CFA. This magnet has an aperature



Figure 1

Designafion of components:

1. H2 target (2 m long)

2. Scin. hodoscope (XY)

3. Dipole magnet JGG

4. Scin. hodcscope (XY)

5. 2 Xo léadvconverter

6. Scin. hodoscope

7. 25X lead ahsorber

8.  Scin. hodoscope

9. Hadron absorber

10. Scin. hodoscope

11. Wire core chamber modules (xy uv xy pv) .
12, Magnétostrictive wire chambers
13._Additional core chambe¥s for track identification
14, Beam veto for trigger

15. Beam defining veto

16. Energy aund time of flight counter



B

©

. o - - ‘ . ‘ - -
ERAERTIRERINTIIIDOSIINIIERR N AR EARR N AN ASANAONIAONANAO AT

B A—
$d o

g

® <

\@\\é —

o

/ figure 1




10

which is 30 inches high, 84 inches wide (60 inches across pole tips),
and 86 inches deep. It can provide a central field up to 15 kg,
corresponding to a transverse moﬁentum kick of 0.8 GeV/c, The mag-
net is placed astride the muon beam about § metefs downstream of a

2 meter liquid hyvdrogen (deuterium) target. Wire chambers of the
ferrite core tvpe (for high multiplicity track efficiency) are
placed before and after the magnet to detect recoil muons and forward
going bhadrons. PBehind the rear wire cbamber module is a thick
hadron absorber ¥#ith which we identify the recoil muon in the inter-
action. A number of scintillation hodoscopes, a Cerenkov counter,
and lead absorbers used for triggering and particle identification

'complete the apparatus. Their detailed functions are explained in

5]
.

Appendix
There have been a numbe; of approaches suggested for the uP
spectrometer ranging from the low resolution magnetized iron spec-
trometer'of Hand (55.48), to the elaborate vertex spectrometer of
Anderson (55.1056). The argument for the low resolution (~.20%) spec-
trometer stresses the lack of structure observed-in the-deeply inelas-
tic aata observed at SLAC. It is our view, Eowever, that this argu-.
ment holéé only for a "single arm"'ékpériment which makes no attenpt
to analyze the recoil hadron system. We believe the recoil hadrons
are of extremely high interest, and constitute the chief advantage of
a coincidence apparatus with large momentum acceptance, With such
an apparatus, the need for iIncreased resolution appears and permits

us to ask questions about hadron multiplicities, specific quasi two
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body channels, multiperipheral systematics, and recoil nucleon t-dis-
tributions. Giving up resolution on the virtual photon would cost

us dearly on these questions which have arisen in consequence of the
presently known single arm behavior, and heretofore could not be
answered by experiment. We conclude that a low resolution spectrom—
eter is inadequate.

The sophisticated vertex spectrometer of Anderson at first view
is quite attractive, but on further investigation is subject to some
subtle drawbacks. Two primary considerations induced us to suggest
a less ambitious snectfometer in the initial uP investigation:

1) The amount of data reduction to render useful a complete
momentum analysis of all recoil charged particles is very large by
contemporary computer standards, and relies upon an acceptable solu-

tion to the basic problem of particle identification as well as

momentum reconstruction., Moreover, the particular channels which
interest us at the moment givé-high energy particles in the forward
direction which can be well studied by our spectrometer.

2) Before one has made the initial survev experiment, the
direction of subseguent research is seldom clear, and one would
prefef not to build an overly elaborate apparatus until the prelim-

inary information is in hand to guide the design.

These two reasons along with others of less fundamental charac-
ter caused us to draw back form an initial spectrometer of the Ander-

son type and to pronose our present desion instead.
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A final consideration of high practical importance is the fact

that the proposed spectrometer is potentially the least expensive of

the three speCtrometer.typés discussed! This remarkable fact of

course derives from the present existence of the Jolly Creen Giant
magnet at CEA, which we hopé will be available for this use, plus the
readiness of the Harvard group to dress it with wire core chambers
-independenf of financial aid-froﬁ NAL fﬁn&s. We feel this is an
exceedingly important consideration during the first few years of
operation when the greatest demands will be made on NAL for construction

of large experimental apparatus,

(iii) Detector Svstem

Tn the desien of this apparatus we face the prohlem of wnrking
with a beam of large spatial extent. 1In the electron-proton scattering
field, beams have, typicaily, a diameter of 1 mm; and the 20 Gev
spectrometer at SLAC weights 2000 tens. We could scale up all our
sizes to the 10 cm x 10 cm beam available here and for a 20 Gev
spectrometer would get 2000 x 10 tons = 2 x 10” tons; a 100 Gev
' : . ) 12 C 4 s
spectrometer might weigh 2 x 10 tons. In this direction lies
madness.,

Instead we choose to place detectors -in the beam which have a
good spatial resolution and to use a modest magnet. The principal
limitation on the beam intensity is the ability of our detectors to

withstand a high rate.. We could use scintillation counters alone
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for rgte; or wire spark chambers for resclution; multiwire propor-
tional counters (Charpak chambers ) are being-developed which night
allow both high ratés and good resolution. At present they are not
being made in large sizes and with adequate spatial resolution. We.
therefore propose (Appendix B) a composite system of counters and
wire spark chambers operating at an adequate rate (106 u/éec instan-
taneous,‘3 X 105.u/sec average). If the technology develops as we
expect, we will be able to cope with 10 times the planned beam

intensity with a consequent improvement in the experiment.

(iv) Identification of u

In the proposed detector, muons will be identified by‘requiring
them to traverse a thick absorber at the rear of the spectrometer,
wifh wire spark chambers to foliow the tragk. We therefore expect
to identify the nuon even though several particles may enter the
spectrometer at ;he same time,

On occasion, a pion from the target will decay in flight and
produce a wmuon. This muon could be falsely identified as the scat-
tered muon. In many of these spurious events, the w—u decay can be
identified by a curvature of the track; in any case, calculations

show that the backpround should be no more than a few percent.

{v) Count Rate:

We assume that for q2 > 0.5 (Gev/c)z, vw2(q2,v) = 0,3 and
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' 2
UO/GT = 0.. As q° » O, Wz -+ 0 in such a way that gYp(total) = IOQ)ubarns.
Thus we use, for estimating purposes, vwz(qz,v) = 0.3 [qz/(q2+‘%)].

We use the cross section formula in its invariant form:

2 : 2 '
d bra? E! 2
-“52— = “2 5 Wz(qz,v) 1+ 3 -+ ? =
dq-dv q ? 4LEE 2EE!
. 4mq2 0.3 El_+ v + q2
2,2, 1, v E 2 2
q (¢ + g ) 2E 4E

The square bracket is of the order of unity.

For q2 >i/3 (Gev/c)2

<

0 4 log vmax 1.2ﬂa? { 21 - 21 )
min a ., q
min max
: 2 -2
Putting Uin = 1 (Gev/c)2 =25 f " = 25 x lO“6 cm
v [y = 4,5
pax’ ‘min
oa 1.2 x 10°F en®

. P 6 ,
With a beam of instantancous rate 10  u/sec and a target 200 cms

long hydrogen we find 106 x 200 x 0.07 x 6 x 1027 x 1.& x 10737 -
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1 count/sec.
In a run of 400 hours, = 3.6 X 10.S beam secs, we will find
2.6 x 105 counts. If we divide into broad bins, equal ul/vz and

qi/qg we find the following counts:

q2 (Bev/c)2

v Bev 1-2 2-4 4-8
10 - 12.1 2 x 10° ST | 5 x10°
12,1 - 14.7 1o " o
14,7 - 17.7 " ‘ " "
17.7 - 21.5 ¥ " "
21.5 - 26 . " "
26 - 31.4 " " n
31.4 - 38 " | " "
38 - 46 " " "
46 - 55.6 " " "
55.6 - 67.5 " " "

Note that these counts increase by a factor of 10 if the tech-
nology improves the way we expect.

This is clearly ample. - -We anticipate spending another 400
hours with deuterium, he high statistics will enable us to compare
H and D with precision.

We expect, on the basis of pheotoproduction, that 157 of these
events will be rho events and we will pick up all of these. This
is still 3 x 103 counts in each ¥ bin., On the basis of photoproduc-

. < . . . s 1 s
tion also, we will pickup and identify 35 of the events as 4 production

and this gives 100 counts in each v bin,
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(vi) Radiative Corrections

Processes where a Y ray is emitted as well as an inelastic scat-
tering are>part of the muon bremsstrahlung; if we gxclude these from
consideration by measurihg them, there is no radiative correction.
¥ vrays are expected along either the direction of the incident or
final muon. However, in the 1967 BNL u experiment, it was found
convenient to identify bremsstrahlung as an event where no inelas-
ticity was preseﬁt_[i.e.; to measure only "elastic" bremsstrahlung].

To the extent that the y ray can be undetected, there is a cof—
rection. This type of correction is well known in all electron scat-
tering measurements and amounts to 207 of‘the-cross section for

2 2

’ 2 y ‘ . :
g” > 1 (Gev/je)” and up to 80 or 90% as ¢ -~ 0. TFor twuons this radi-

ative correction, even if not removed by measuring the v ray, is
reduced by the factor:
2, 2
log (¢ /m
——— 8 5
2,7
log (q7/m )
It will be evaluated in the same way as for electron scattering

measurements.
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4. Triggering

The triggering system must have a high ~- and measurable —-
efficiency for all events of interest. At the same time the trigger
must not accept so many spurious events (even though disentangied
later) that the magnetic tape is overfilled.

In order to achieve this we take advantage of one, or all, of
the following features of the events in which we are interested; all
of which can be studied with fast logic before a triggering event.

1) For q° = 0.25 (Gev/c)?, E = 100 Gev, E' = 90 Gev, 9 = 5 mr.
The largest angle for which a muon from pe scattering can scatter is
4.9 nr.. Thus an insistence on large q2 can cut out upe scattering
events, and also low momentum.transfer u bremsstrahlung which is less
important,

2) Most of the events under consideration will give hadron
showers, which are more penetrating than electromagnetic showers of
the same energv. We can therefore insist on at least 2 separated
particles penetrating a lead absorber.

3) Without affecting the cross section, we can veto any event
on any criterion not dependen; on the scattering. Thus we can omit
from consideration at all all muons with.a beam halo particle in ac-~
cidental coincidence, and so forth.

The various procedures are discussed in detail in Appendix B.
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3. Staffing of the Experiment

Thié experiment is proposed by:
_Professor T. é. W. Kirk
Professor F. M. Pipkin
Professor J. Russell
?rofessor M. Tannenbaum
Professor -R, Wilson
Dr. J. Sanderson
of Harvard University.
We expect to add to the group two research fellows and one or
two graduate students.
Professor M. Perl of SLAC has expressed interest in joining a

collaboration, which we would welcome, but due to difficulties of

time and space will submit a separate proposal.



6. FEquipment, Cost, Etc,

Year of Equipment
Completion Cost

Muon beam ‘NAL 1973 ?
Muon beam hodoscope 2 NAL 1970 2
Target (hydrogen & deuterium) INAL i973 $ 5,000
*Magnet and measuring CEA-Harvard 1971 $ 50,000+
*Spark chambers and cores Harvard 1971 $100,000
Counter hodoscopes Harvard 1971 $ 30,000
Hadron absorber NAL 1972 $ 10,000
%Computer PDP1S5 WAL or Harvard 1971 $ 90,000
*Interface Har§ard 1971 $ 20,000
Fast trigger electronics includiné

development Barvard 1971 $ 50,000

* used for proposed K,0 regeneration experiment
-—

T primarily woving a2 CEA magnet.
this sum becomns $27G,000,

I1f the CEA magnet is

not available,
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7. Compatibility with Other Experiments

It is our view that nmuon experiments are so interesting that
the muon beam should be available for muon experiments as much as
possible. It is desirable to arrange matters so that it is compatible
both with neutrino bubble chamber experiments and with neutrino spark
chamber experiments. The neutrino bubble chamber experiments need
a short spill —-- muon experiments a long spill. It seems possible
to give the bubble chamber the first 100 ysess of every beam pulse
and the muon beam the rest. The neutrino spark chamber experiments
also want a long spill. It seems important, therefore, that the muon

beam experiments be at an independent location from the neutrino

s}

experiments. This is shown in figurrs L . If, however, adequate
space is not available for this, and muon and neutrino experiments
must run consecutively,and not concurrently, then the muon apparatus

o _
must be up-beam of the neutrino apparatus as showp in figure ..
The loss of neutrino intensity is small.

It is also possible that this apparatus can—-be positively-useful
for the neutrino spark chamber .experiments which are bging proposed.
"The apparatus can be considered as a virtual photon tagging.device,
and the total eunergy of all hadrons.can be.defineﬁ. This can then
calibrate the hadron calorimeter of the neutrino spark chamber .

Moreover, to interpret the data on neutrino inelastic scattering
it will be necessary to compare with the muon inelastic scattering

that we will here determine.
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8. Future Ixperiments With This Facility

We expect to build this muon detection apparatus in a substan-
tial manﬁer, because we anticipate that it will be useful for a
variety of other experiments which can be performed by ourselves or
others at a later date. The list is long and obvious. We enumerate
those which interest us the most.
1) The present proposal
2 . . .
2) A run at lower q° to determine G(Y P) and o(y N) more precisely.
3) Replacement of the liquid hvdrogen target by a polarized
hydrogen target, polarized along the beam direction. This will, ac-
cording to recent ideas of Bjorken, lead to a definite test of the
parton model by measurements analogous to those involved in evalua-
ting the UOrell-llearn-Gerazimov sum rule.
)
4) An extension of the parameters of this experiment to g =

. ~
2 . , . . 1
100 (Gev/c)” by increasing the beam (and probablv not measuring the

er

directions of particles in the keam). Also an extension to v = 300

5) Replacement of the hydrogen targzet by a heavy element: then
we can study coherent production of vector mesons —-— if any.

6) Also with a heavy element target, a study of QED by muon
trideﬁts.

7) Also with a heavy element target, a search for the interme-

diate vector boson.
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We put experiments in this order for the following reasons.

. . , : - 2
Experiment 3 is very exciting, but needs our study of wl(q ,v) and
wz(qz,v) to be understood. Moreover the polarized target is techni-
cally more complicated than an unpolarized target. FExperiment 5
will Be of interest only if these vector mesons exist. Indications
so far are that the higher mass vector mesons are only weakly pro-
duced. The excitement of Experiment 5 depends upon the status of
QED as shown by colliding beam experiments in the meantime. Exper-—
iment 7 is very difficult at the presentlv envisaged meson beam in-
tensities; the calculations of Rieff and of.West and Terends are not
optimistic in this regard.

Thus we believe we are propesing the best experiment for initial
experimentation in the YAL muon beam. This situation may, of course,
change in the next two vears.

The extension to experiment 2 is obvious; that to Experiment 3
we enumerate a little below since a large part of the design is done

already and we believe it should help justify the facilitvy.

Scattering of Muons from a Polarized Targst

We here outline the experiment using a polarized targetr,

We note that muons come from = meson decay and are therefore

-

100% longitudinally polarized. 'e discuss helow the desirability of

T

studying the scattering bv longitudinally polavized protons.

Drell, Hearn, and Gerazimov showed some years ago, that if the
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cross section for absorption of circularly polarized y rays on longi-
tudinally polarized protons is studied, the integral over the energy
of ¢ parallel - g antiparallel is giVen by the anomalous magnetic
moment. There is some indication that this 1limit is already reached
at 2 Bev; it is clearly interesting to study the question differen-
tiallv., The possibility of using inelastically scattered muons as

a source‘of cifcularly polarized (virtual) photons has been discussed
by Wilson, Berkelman, and Dombey at CEA 1967-1968, and it was noted
that at low nucleon éxcitation energies the (circular) polarization
of the muon is not transferred to the virtual photon {except at very
small & <(m/E)). Bjorken has reopened the question by showing that,
at high excitation energies the circular polarization is maintained,
even for large momentunm transfers.

Since it is just in this energy region that the particularly ex-
citing developments have, in the last two vears led to the develop-
ment of the parton model, the new information, of a qualitatively
different character, obtainable by polarization measurements, is
very important. |

One qualitatively dramatic feature is clear by considering the
spin behavior in elastic lepton-proton scattering. At high momentum
transfers, the magnetic scattering deminates and there is clearly a.
large -~— but uninteresting -— spin dependence. According to the par-
ton mode1,>inelastic lepton—-proton scattering is to be considered a

sum over quasi-elastic scattering of leptons on spin 1/2 partons.
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Thus we expect a similar polarization effect; if three partons
(quarks) are effective at the energy of intefest, one out of three
will be lined up-to make the proton spin; thus a 30% effect could be
expecte. This will be reduced as the number of effective parténs is
increased (presumably as the excitation energy.is increésed)t

A target to polarize protons along the direction of motion has
already Been constrﬁcted by Sanderson at Harvard, but wé propose a
larger version. Speéifically we propose polarizing an ammonia target
5" diameter and 10" long, in a superconducting solenoid with 26 kg
field. The whole will be képt at 0.47° by a He3 vefrigerator and a
proton polarization of 707 is anticipated. vThe eign of the direc-
tion of polarization can be changed, as usual, by chénging'an RF
frequency with no mechanical changes. However, the nitrogen will
dilute the measured polarization.éffect. We expect the sane numﬁer
of events as those listed in Section 3 (3 x lG;) but only 20% of
them will be from hydrogen. Thus a 100% pélarization effecﬁ will
give a difference of 5}000 counts with an error of £ 00; of course

this is a sum over all bins.
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9. Data Analvysis

Each event will have 1 incoming muon defined by counters with
fast 1ogic; the subsequent spark chambers will have many tracks
including O to 2 "stale" beam tracks. At first sight the anaiysis
problem seems toq large for a first experimenf. However, for meas-
'uring Wz(ﬁz,v)’over most of the range, we need only identify the out-
going muon; after the hadron absorber it will‘be alone; its position
in the last spark chamber can be easily traced. This one track can

therefore be located with moderate simplicity. WYe therefore expect

2 . s ,
values of Wz(q ,V) to be available before the rest of the analysis,

and possibly on line.




APPENDIX A
ACCEPTANCE AND RESOLUTION

To calculate the acceptance and resolution functions, refer to
figure A.l. Our goal will be to accept a large bite in both v and
2, . . .
q  in a single configuration so that data can be simultaneously,

taken with good resolution over a large part of the desired spectrum.

2 2
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Pu = 0.03 B2 (the transverse momentum kick of the magnet)

Suppose we assume the following reasonable values of the paramecters:
Eu = 100 + 2.5 Gev
AE = 0.3 Gev
u .
A8 = 0.06 mr
o

Beam size = 4" x 4
20 g v £ 90 Gev

2
0 g q 26 (Gev/e)
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L= 60"
£l = 22 =8m
Ax = 0,3 mm

The resolution which results is given in the following tables.
Note that these are for the principal run. For studying
oYp(total) we propose to put the target further away from the magnet

and the resolution improves almost in proportion.



Table Al

Virtual Photon Energy Resolution

Av (GeV FWHM)
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Table A2
Virtual Photon Mass Resolution
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Table A3.

Virtual Photon Mass Resolution

qu/q2 (% FWM)

%2 ,7) 190 | 0 | #0 | 60 | 50 | 40 | 30 | 20
o.1 4 | ¢ | ¢ | g |8 || io] o
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" Table A& .
Detection Efficiency
Vs. v, qz
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APPENDIX B

TRiGCERING SCHEME AND TRACK AMBIGUITY

The group of proposers includes one who has participated in two
muon scattering experiments (uP elastic scattering: yP I at BNL in
1963 and muon tridents‘in 1967) and two who have participated in one
.each (uyP inelastic scattering at BNL in 1967 and muon tridents respec-—
tively). We believe therefore we have some'experience in the trigger-
ing problems. Féur of us intend to participate in yP inelastic scat-
tering at BNL (¢P II) in 1970. The most directly relevant experience
iéythat of uP inelastic scattering, to which we will refer,

We would 1like to triggér on all muon inelastic scattering events,
with 100% efficiencv, and cxélude‘all spurious events. However, some
restriction is necessarv. In 1967 we insisted pn a muon energv loss
of at least 5 GeV out of 11 GeV, and even then did not have full"
éfficiency for their detection: the efficiency denending upon both
v and qz, This restriction enabled us to demand that a muon appeared
outside of the beam region in coincidence with' the beam.

In the proposed experiment we might demand that the scattered
muon ~- at the end of the apparatus appear outside the 10 cm scuare

9 .
beam: with no bending this means 5 >6 mr. For g = 0 this restricts
us to Ef < 30 GeV, and v >30 Gev. For ¢ > 0.2, 8 > 6 mr, ever for

low E' 2= 20 Gev: although for some small portion of phase snace the
; 7 P 3

scattering and the bending of the muou conspire against each other to
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bring the scattered muon back to the beam line, this region of phase
space is small and can be calculated.

Below we discuss three trigger possibilities. We believe that
any one of the three can be made to work. We will arrive at NAL
prepared to use any or all of these three logic systems, either in
AND or OR depending on the backgrounds. The inefficiencies in any
of the triggers are small and can be calculated.

As cémbared with the 1967 BNL experiment we can, in principle,
operate with a very fast trigger rate. In 1967, the spark chamber
pulses could only operate once per second: the prototypes of the
wire spark chambers here discussed will operate at 1000 cps. Although
we could only put 50 gps-on'tAPe, and we want to keep the rate tg 1
cps for simplicity in subseqﬁent analvsis, there is some time avail-
able for rejection of the event by slow logic after the spark cham-
ber trigger and Qgégzﬁ_recording'on'tape. However we do not expect

to need to use this option.

(i) Muon Energv Loss Trigper

A "good beam muon' is set in coincidence with a muon counter
which is outside the beam. Random coincidences between a beam muon
a a beam halo muon (assumed to be 1/10 of the muon bheam rate) will

3 oy . .
be 107 per second. These will be reduced by & veto counter in the
béam direction and by veto counters on either side of the beam near

the target. Each of these should reduce the rate to zero. In prac-
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tice in 1967 they were introduced as an afterthought and reduced the
randoms rate bv factors of 200 and 10 respectively. With forethought
we should do better, and will therefore have a spurious‘trigger rate
§£_§9§£_1/2'0f the real rate.

pe scattering can still trigger, but this can be removed by
demanding that the scattered muon, if it has lost energy, scatter up

or down by an amount greater than 5 mradians.

(ii) Hadron Trigger

An alternative trigger is to take advantage of the fact that we
are interested in events where the proton has gained many tens of
GeV in excitation energy, and will give many high energy hadrons.

We can thus demand that, in coincidence with fhe incident bean,
there is a muon and a hadron at the rear of the apparatus. Ve will
distinguish hadrons from electrons and photons {(produced bv ue scat-
tering) byvtheir ability to penetraté high Z absorbers. This is
illustrated in figure 5.

The only particle which penetrates to éountgg_bang"D.isﬂtham
scattered muon. The hadrons penetrate to counter bank C with high
efficiency, but only a fraction of one pér cent of the electrons or
photons so penetrate,

Assume we have at least one hadron incident at point A. If it

is a meson, it will penetrate as a charged particle or group of charged

particles, provided it dces not lose all dits energy to neutral pioas
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early in the absorber. An over-estimate of this process assumes a

charge'exchange cross section of Z‘mb,'aﬁ AZ/3 nuclear dependence,
and a targel assumed to be 75% of the lead. Uﬁder these conditions,
3% of the mesons fail to propagate to C. If there are two fast
charged mesons, the trigger failure rate drops to 0.1%. Fast for-
ward protons will penetrate more easily, and should have an ineffici--
ency of less thaﬁ 1% at point C. Neutrons unaccompanied by charged
mesons will have.poor triggering efficiency, but‘will come back to .
this point later; For the purposes of this calculation, we have
called a particle with 5 GeV/c or more momentum a "fast" particle,
Therefore, all but a percent or so of our desired events will
have two poiﬁts or "spots™ ét which one or more charged particles
créss the gap at C., The proﬁébility that all the charged particles
fall within a single spot must be made small so that the requirement
of two spots can be used in the trigger. A Monte Carlo program will
probably be needed to study this effect agd thereby determine the
"gfanularity of the logic elements at C, but we remark that a 1" x 1"
logic element would subtend only 4 uyster from the target. A logic
element smaller than this will run into problems caused by muons
emerging from/the_lead accompanied by electrbmagnetic showers. The
magnet will help us in dispersing the fdrward particles and thereby

make the spot overlap problem iess severe. 1In conclusion, we estimate

that we will suffer no worse than 3-4% inefficiency by requiring two
charged particle spots more than 1" apart at point C. We accept this

for .the moment and adont the two spot requirement as part of the



trigger. We must repeat this requirement in a few pléceS'iq the lead

t

absorber to ensure that the two "spots' are not a muon and a low energy

knock on electron.

(iii) Fast Neutral FEvents

As we briéfly mentioned, there is one class of hadroﬁic event
which is hot detected efficiently 5y the second trigger just described.
These are tﬁe events which produce onlyv neutral particles in the for-
ward direction, We haver an alternative hadron trigger, which mayv be
logically in OR or AND with the first trigger. The schemé is quite
different in that it reqﬁire; a cone of minimum half angle 5 mr
about the incoming beam directibn and downstream of the target to be
free of anv charged particle traversals. What this accomplishes is
to require that the muon scatter .aporoximately 10 mr or more before
it is a trigger candidate. Clearly, if the forward hadrons are neu-
tral, they will not interfere with the "quiét zone" réquiremént. We
remark that no ue scattering can satisfv this requirement, since its
maximum possible scattefing angle is 5 mr. Some @ bremsstrahlung
events will probably trigger, but they will be quite high q2 and
possibly of some QED interest in their own right. ¥We do not consider
this a prohlemQ

We accomplish this trigger by cbmbining incoming hodoscope in-

formation (the incident beam direction) with 'a scintillatinn counter



hodoscope placed just in front of the magnet gap about 8 meters from
the target, The.elemeﬁts of "this hodoscope ére 2. inches gquare,
corresponding to-an éngle of about 5 mr as viewed from tﬁe target.
By fast logic, we project the incoming beam muon into the magnét
hodoscope. The élement into which it projects? as well.as the eigh;
surrounding ones are then required to be off to .produce a.trigger.
The usual requirement that a muon emerge from the hadron absorber is

alsc required, of course.

fvents OQutside the Tarset

In any of the trigger requirements we are now sensitive to

hadron events in the target, but we will also seé events origin-
ating in the lead if we do not add to the two spot requirement. Ope
sure way to guarantee an event from the vicinity of the target with
thesecond_;yne of trigsger is to reguire that some extra counters be
turned on ashead of the legd absorber, To accomplish this, we intero-
gate the counters in eéch scintillation plane before the lead absorber
(and probably the first plane thereafter), and reguire more than one
pulse from at least one of them. This is standard logic and should
be easy. Some precautions must be taken to exclude'low'energy knock
on electrons nroduced bv the muon from satiéfying thié requirement,
A scintillation counter plane directlv behind the magnet aperature,
a plane behind the first lead absorber at B, and a large-angle

recoil proton counter plan= will all be safe from this problem. e



conclude that we will have no serious problém frombevents,originating
in the lead absorber.

.There are two more classes of spurious triggers with which we
must deal. The first type is caused by electromagnefic procesées
such as pe scattering or u bremsstrahlﬁng. These events would over-
whelh us if we permitted them to trigger. The second type of spuriéus
trigger is ‘caused by accidental coincidence of two»beam.muons in a
sﬁitable configuration. - We will discuss the suppression of these

two cases in order.

Electromagnetic Triggers

We exploit the fact that ve scattering apd u bremss;rahlung events
result in electromagnetic showers in the lead ébsorber which cannot
penetrate deeplyv enough to satisf& the two spot .criterion at C. .in
our chosen case, we have 30 radiation lengths between A and C. From
simple shower theory, a 100 GéV incident electron buiidslup to a
maximum particle multiplicity im about ln (E/so) radiation lenzths;
in this formula €, is aﬂcharécteristic shower particle energy below
which multiplication ceases (about 7 MeV for lead). After this point,
the multiplicity declines exponentially with depth.  In such a model,
the expectation value for the number of particles after 30 radiation
lengths is 10_5. The shower fluctuations raise this number to per-
haps 10—3, but this is still adequate suppression; The exact amount

of lead between B and C must be determined experimentally, but the



numbers given will be found not far wrong.

Accidental Trigsers

This brings us to the subject of accidentals. That this will be
a problem is attested to by a calculation of the rate at which two

beam muons will occur within the counter resolving time 71:

A=1r% = (3x 1092 aod

= 107 sec

There is also the problem +of beam halo which results when a muon
outside the beam forms an accidental coincidence with a valid beam

rmuon. Assume that 10% of the main flux is found in the halo:

We eliminate both classes of accidentals by vetoing any trigger

which has a second beam track or any halo particle in a predetermined
time interval about the legitimate beam muon. This time interval

mﬁst be long enough so as not to confuse the two spot trigger require-
ment. The halo veto counters must be in front of the target and
intercept muons over a broad area outside the beam,

The large size of the muon beam is finally of some use when we
attempt to veto doubles., There are about 100 logically distinct
combinations in the last XY hodoscope, even including the 1/3 overlap
céding scheme. WYe thus get a factor 100 rejection by doing fast

logic on the number of tracks in this hodoscope. In order to further
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kill beam doubles, we can install a couple of threshold Cerenkov
counters between the beam hodoscepes and veto on pulse height criteria.

If each counter is, say 5 meters long and has ethylene gas pressured

e

to an index n-1 10‘3-we éan expéct enough pﬁotons to separate the
single and double traversals again to perhaps 1%lin each. A detailgd'
calculation of.photon vield versus knock on threshcld wili be needed
to calculate the optiﬁum pressure for maximum discrimination. If 1%
doubles acceptance ié achieved with less ;han 5% singles beam rejec-
tion, we will have_a net'accidentals.rcjection factor of 106 when

combined with the hodoscope logic. This will be adeguate, as the

real trigger rate is better than 10 times this accidentals level.

Track Ambiguitv

)
8]
'_A
-
=
a3

In addition to problems of triggering, we will have to d
the problem of stale tracks in the spark chambers due to the long
chamber memory time (1 usec). We plan to run at a beam intensitv
whicﬁ optimizes the dafa taking rate. In order that we not sacrifice
too heavily, we will permit up to two)out of time}beam tracks to fall
in the interval preceding the spark hreakdown bv 1 usec. These
stale tracks will be removed by the znalvsis program using the
input hodoscone information to tell which beam track was the proper
one associated witﬁ the trigger.

In order to produce a trigger which is capable of knowing how

many beam traclhs will be developed, we simply build a fast up-down
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adder circuit which adds a count every time the beam hodoscope reports
a track, and subtracts a count about 1 usec later. Whenever.the
counter exceeds a count of two, a logic veto on the trigger will au-
tomatically come on and stay on until the next subtract palse comes
along to lower it again. Fvents in which a beam track arrives after
the command to sﬁark has been given, but before the spark breskdown
will be rejected by analysis if there were ultimately more than two
extra beam tracks present. This will be perhaps 5% of the triggers.
The result of this mareuver is to produce a beam of the highest net
event productivity having a random beam contamination not exceeding
two tracks.

We can see how to derive the optimum beam rate as follows:

raw beam rate

let: R
o
1 = spark chamber memory time
n = number of extra tracks

R = effective beam rate with n < 2

then:
R = éo [P(O) + P(1) + P(2)] B.1-
e ¥ "
P{n) = oy : X = Rot 3.2
3
.: R = %- x + xz + 53 e~X B.3

the optimum occurs when:



B-11

S}..P}_ = - 1 X2 X3 . -
% 0 = ¥'- 1 +x+ 5 - 5 e ., B.4

This equation has its only real root at x = 2.27 and we gef:

_ 2,27
R, = = B.S
max .
L. L.
max T B.6

L2 : . .
Thus, if the spark chamber memory time is 1 psec, we can run at 2.3

mcs and have an effective beam rate of 1.11 mes. This optimum is
. 6 -1
- faidrly flat, and if we chose to drop to an Ro of 107 sec ~, the
effective beam rate is still 0.92 mcs. We propose to run at Ro =
6 : . .

10" /sec (the low flux side of the optimum) to keep probelms to a
minimum, and we will probably raise the muon beam energyv until the
flux is the desired one. This proposal uses an energy of 100 GeV
which should be conservative. Random halo tracks will probably be

permitted as they are an order of magnitude less frequent and their

spatial position makes them easy to eliminate in the event analysis.



APPERDIX C

up Kinematics

Since lepton hadron scattering is a specialized field, and since
even those proposing the experiment did not originallv agrece on nota-—

tion, we summarize the kinematic features here.

The differential cross section for lepton hadron scattering is

written in the form:

EE' d7 - dg
T 2, dodt’ c-1
dq dv
2 2
- o3 L _}_:_i_ t.) i UO(G_ It G-[.(ﬁ_ ) + 25 (02 V)
T2 2 F cot 3 1+ 1 R A
fal) -5 )
= a2 “: {;Ot %- W?(qg,v) + BTT(Q“,V)} c-3
q -— — e
\
2 P 2 a UT \
'1 s - - -
= 32 I Wy \ = 2 - e § ~4
=7 g WplaT,v) feotm 5+ 2040 | nf c-4
q o T
d2 bt o E' V”°(q2’“) 2 02+ \? dT
a9 _ Gman B < 1 a_ .+ 8 Y c-5
dQdv 4 E v 4EE 2EE 6 + 3
q o} T

which is the formula used in the text.
Here we use:
E'= initial, E' = final lepton energy

2,
q 1is the square of the 4 momentum transfer {(q -q")
. ,



q2 = 4EL' sin % c-6

26 _ ALEE' .
cot 2 = qz -1 c~7
q, = v = E-E' c-8

is the energy transfered by the lepton (originally v was defined by
2 ' .

Bjorken as q <P = qoM and we would have preferred to keep it that

way. However, we follow modern usuage and are hence inconsistent

with some of our earlier writings.).

K is often called the "virtual ohoton energy"

SO 2 :
' 02 2%.p - q Mres2 -
K2, -5 = pIY B ™M -9

g
3

v

res is the mass of anv resonance produced.

2 2 : . .
co(q_,v) ard oT(q ,V) are the scalar (longitudinsgl) and trans-

verse cross sections as defined by Hand,. [Qourdin, Berkelman and

' |
Zagury have used them with an extra factor 41 + 1) )

9
q 2
= 2 = X -
TE S 5 c-10
q q
2 K 2
"Il(q )V> "—"}—:'Z:;' 3T(q }"J) c-11
~ .2
N R R e i RO A CER c-12
'y’:fzﬁi T T O- . ‘ v

£

were introduced by Drell and Walecka (Ann. Phys. MY 28, 23 (1964))
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following unpublished work by Bjorken. They originally had an extra
factor - of M in the definition.

J0W ion:
Ll, &2 Separation

Thé separation Of,wl and wz, or alternatively of 9 and GT, is
‘often inferred at low energies by performing a "Rosenbluth .plot”
where do/dQdE" is plotted against cot2 8/2. Ve clearly need Soth a
small angle 8§ and lafge angle point for the separation.

The se€paration betweén small and iarge angles is at the angle

where:

. .\2
cot? % V2t ) a20+ c-13

q

. . 2 2 2 .
For elastic scattering, where v2/q = q /4", this comes at § = 52°

’ ' 2
for swall q .
.. . e , 2, 2
For inelastic scattering of the sort we now consider, v</q  can
; 2 -
be of the order of 100 and cot” 8/2 = 200, § = 1/7 = 8°. The 'large
angle' scattering is then not a clear description.

We therefore consider the separation of wl and wz in terms of

whether:
CHEET 1 2 o4 Y2y
2 - 2
q a
4EE' - q2 % 2(q2 + v2) C-14

. 2, . . 2 .
Since q is, in our case, always less than v2, E° or FE', we ask

whether:

2EE' 2 32 c-15



In this proposal E is fixed.at 100 (Gev). . v ﬁill vary from 20-90
(Gev). At the lowest of these energies only'wz(qz,v) will be meas-
ured independent of OO/GT; at the highest of these energies, Wl(qz,u)
is the parameter measured.

.Circular Polarization:

The "kinematic maximum” of the circular polarization effect
(experiment 3) is closely related to this separatien of wl and wz.
It is well known that at forward aungles, the 'virtual photon' is

linearly polarized bv an amount:

29

. cot 5‘ .

£ = 5 > 1 as 8 »0 C-16
2(1+t)4cot

8
2 .

The virtual photon from a longitudinally polarized muon is, in general,
elliptically polarized with this as one limit. In the other limit as
€+ 0, the virtual shoton is completelv circularly polarized.

In fact the circular volarization of the virtual ohoton is; neglecting

longitudinal excitations ¢ US/UT = Q)

-+
2EE’ T ZEET

2, 2, -2 2,2
/C +a (E+E') 5 a (v"4+q7). c-17
+ .
2EF }
_s
At the highest v wvalues for an incident energy of 100 Gev the
circular polarization of the virtual photon is almost complete as
2,2 »
we see by putting g /v = 0,0 /o, = 0 E' << E; the circular poclar-

ization:
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.2 - . .
q  ~+ 0 Limit and the Virtual Radiator Factors

‘As q2 + 0 formulae C-2, C-3, C-4 are not valid because m2 has
been omitted. However the invariant form C-5 is valid. Also
Wz(qz,v) + 0 in such a way that cT(qz,v) remains finite (GO/GT-+ 0).

Equation C~12 reduces. to:

i r/ 2 '
\JVAFZ(_<412,V)-C12'-> 6T= 4 GT(qz,v) Cc-19
L = by

Ve assume:

A ) | , )
oplv,q7) = 5 = for q° >> A €-20

where A is chosen to fit both UY= 100 ubarns, an vWZ = 0.3 at

q2 > 1 (GeV/c)Z.

b2y [vl-!z(qz 5> 13]
A? = c-21
. g
Y

= 0.336 (Bev/c)? = 0.6 m2 c-22

Substituting C-19 and C_21 in the cross section formula C-5

s
. . &
and integrating over q :
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1t

The factor in the square brackets is called the "virtual rédia.tor]
5(\;)}(1'5 used by Weiszacher and Williams and many authors since then

. F . . »
so that’ﬂo_y(\)) is independent of v3s

o =g dv C-24

uP YP v

where the integral is just the probability of virtual emission per

incident muon. The virtual radiator (S"fv) is in the following table.

Virtual Radiator Factors

6
ouP = f \-}-\—)-)‘ oy(v.) dv .

>
LY
<
St
ft
!
et
1
<
+
‘c
N
N
',....I
o]
[
. +
EI] g\
o
< {1
/—"'\
< |
1
P
e

2E

2 1-;:’+”f {1+3o§ -F:~} 1n {4 5
ZE-— v v

.01 .99 2.97 % 10° 12.6 29.0 x 1077
1 91 2701 | 7.9 16.7
2 .82 - 601 | 6.4 12,2
.3 .75 234.3 5.5 9.6
b .68 113.5 4.7 7.4
.5 .63 61.0 4.1 6.0
.6 .58 34,3 3.5 4.7
.7 55 19.4 3.0 3.8
.8 .52 10.4 2.3 2.8
.9 50 4.70 1.55 1.8
.99 50 1.31 0.27 0.31
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APPENDIX D

POLARIZED PROTON TARGET FOR w-P SCATTERING AT NAL

The design of a polarized target for this experiment
is simplified since the geometric requirements for the
scattering experiment produce no strong constraints on
the magnefhconfiguration.

The target will have:

Targe£ Volume: 196 cubic inches
Target Shape: 5 inches dia. x 10 inches long
Polarization: 67 + 5%
Axis of polarization: along the beam line
Tardget Material: iscbutonal-water {alternate NH3)
Duty cycie: contiﬁuoﬁs operation except when
reversing sign of polarization
Time to feverse polarization: 10 min. {There
is some exéectation this can be reduced
to <1/4 min. by the time of the experiment).

The polarized target can be evaluated in terms of
the four major sub-systems which make up a working target,
Thé basic physics involved has been explained in many

: 2 .
placesl’ >3 but fundamentally it involves the saturation
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of a specific absorption line in a target material con-
taining both electronic and nuclear spins. The absorption
‘line selected corresponds in energy to the simultaneous
inversion of.a nuclear spin and an electronic spin.

There are two such linés, a high energy one corresponding
to both spins going from the ground state to the upper
state; and a lower energy one corresponding to an
electronic spin going from the ground state to the
excited state while the nuclear spin goes to the ground
state from the high energy stéte; the sign of the polari-
zationlin the target is determined by which line you
select to saturate,

The other constraints required by the basic physics
"are: To have the nuclear Spin relaxation time, Tlp, S0
long that the nuclear spins remain in whatever state
they are in kor whatever state you put them in) for a
long time compared to fhe'other spin transitions involved,
| To have the electronic spin relaxation time short
so that the electronic spins return by direct felaxatiqn
to the ground state after a microwave transition, and
are available to interact with another neafby proton

{(i.e. to have the electronic spin-lattice relaxation
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time, T;_, short enough to maintain thermal equilibrium
in the presence of the microwave power) . |

To have the temperature low enough and magnetic
field around these spins high enough so that the electrons
are highly polarized when at thermél equilibrium (because
of the NlO3 smaller magnetic moment of the proton such
brute-foree polarization of the nuclear spins is
impractical).

Given these conditions the nuclear spins in the
system can be polarized by the solid-state effect and
a polarized target producea.

Obviously, with these constraints on relaxation times
the "good" materials for a polarized proton target are
limited., This target is designed around the best one
now demonstrated io work; isobutonal-water with either
a chromium complex or organic free radicel dissolved in
it to previde the electronic spins, From the viewpoint
of the scattering experiment the target locks like a
CH, target with the protons polarized to 67%. Ammonia,
NH53, has been proven as good as the isobutonal-water
when operated at 19K (both giving ~40% polarization)
but has not yet been tfied at .SOK, the temperature of

this target (where isobutonal-water gives 67% polarization).
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If ammonia continues to behave similarly down to .SOK
it can be substituted in this target with no changes to
the apparatus; giving a better ratio of free protons
to background material for the scattering.

The first major sub-system is a magnét to provide
the steady state field for polarizing the electrons,

To providé the maximum resolution of the microwave
transition lines and the highest electronic spin polari-
zation this magﬁet should provide a large, homogeneous |
field over the entire target volume. Since the micro-
wave frequency scales linearly with field the magnetic
field selected is 25,5KG., This corresponds to 70GHz
microwave frequency where a reliable c.w, power source .
is available,

For all practica] targets, including this one, the
target size and shape is completely determined by the
homogeneous region in the-magnet; "The field variation
over the target must.be kept to less than # iO géués in
order to resolve the absorption line used for polarizing
the target. 1In the yu-p scattering we are fortunate
since the incoming muon will be along the axis of the
maghetic field and the scattered ﬁuon is in a forward

cone along this axis. We can use a simple solenoid
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with end corrections to provide a large homogeneous
region for the target.

The design selected is a magnet homogeneous to
eighth order and consists of a modified Greg solenoid
with correction coils located beyond the ends (see
Fig. 1). It is made of niobium-titanium superconducting
wire and operates at 4,2°K in its own helium cryostat,
The target-is located in another cryostat placed in the
room-temperature access region at the center of the coil.
The state-—-of-the-ont in superconducting magnet design
is advanced well beyond this point so this magnet can
be obtained easily and expected to perform reliably.

The second major subsystem is the refrigeration to
cool the target material to < .SOK. This tempefature
is readily attained by a helium-3 cryostat, Thé cryostat
will be a horizonal continuous flow cryostat cooled to
1%k by liquid helium -4 similar to the ones currently
used for polarized targets% This will be modified by
the addition of a closed loop helium three refrigeration
system attached to the cold end of the helium -4 cryostat,
giving refrigeration capability in excess of 80 m watt
at .47OK. A smaller size system identical to this has

been tested and demonstrates no difficulties? Helium -3
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cryostats with cooling in excess of 65 m watts are
commercially available with more conventional geometries
and havé‘no probléms associated with the scaling to
largexr heat capacity.

In operation the total liquid helium consumption,
inciuding the superconducting magnet, is estimated at
105 liters/day. The two remaining sub-systems require
little discussion since they are already working in a
satisfactory forﬁ on the present Harvard Polarized Target.

The microwave power system will opérate at 70 GHz
and for this size target will be the CSF-40B backward
wave oscillators now used, There is a possibility of
using a less expensive klystron tube instead of the
CSF-40B if its power output improves during the next two
years as much as it has in the past but at present the
tube is marginal., At any rate, the CSF-40B system now
exists and is available.  The frequency of the oscillator
is selected by voltage-tuning the drift voltage in the
tube, This is currently done by a remote panel but for
the p-P experiment we will probably interface this
switching with the computer to simplify the number of

things that have to be manually supervised.
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Finally, the fourth sub-system, NMR monitoring and
measuring of the polarization, is already constructed
for the Harvard Polarized Target. Again it is probable
that for the NAL operatioﬁ sufficient modificétions will
be made to permit the on-line computer to continuously
measure the polarization and enter it directly on the
data tapeé but this, as are fhe changes in the microwave
power system, is an evolution on an already working
piece of apparatﬁs.

The time scale for the construction depends on the
availability of an outside organization to wind the magnet
system, At presént the National Magnet Laboratory is
willing to accept such jobs at cést since they fit into
the NML program of development., Even if this picture
shquld change there are now several competing commercial
firms who would bid on this project. Assuming that we
do not have to physically wind the magnets ourselves the
system could be made operational within one year by
using cbmponents from the existing Harvard Polarized

Target.
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APPENDIX E

OBSERVATION OF SIMPLE COINCIDENCE CHANNEILS

One advantage of the proposed set up which uses a
large magnet in conjunction with a set of wire spark
chambers is that information can be gained concerning
the eleétrOp:oduced hadrons. One can in general, look
at the number of charged prongs and the momentum dis-
tribution of these particles, One can also study in
some detail simple channels such as the vector mesons.
The present evidence indicates that the rho channel
will persist as 10 to 15% of the total photoproduction
cross section as the photon energy increases, There
is at present no information on the behavior of thié
channel as a function of the mass of the photon. In
this section, we shalljbe concerned with the general
characteristics of .the rho cross section and what can
be learned using this apparatus. To a cerﬁain extent
the same arguments will be applied to the w and ¢ mesons.

Let us assume that ani0C GeV muon is incident and
that it inelastically scatfers at an angle 9, has an
energy loss of £0 GeV and this energy is used to pro-

duce a 50 GeV rho. Figure 1 shows how this event would
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appear -in the spark chamber system. The opening angle
of -the pion pair would be 30mr, The mass of the observed

‘pion pair is given to a good approximation by

Mz— E.E 92
T o112

Where El and E2 are the energies of the pions and 6 is
the opening angle of the pion pair. The mass resolution

is thus given by

' 1
MM _ o AE 2, 002 >
W = D+ B 2

For the proposed went

A0 _ 1.4
- 8 34
AE _ 1.4
E 40
so
AM c
M 10%

This resolution will be adequate to resolve the rho and

separate it from the non-resonant background,
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A convenient set of variables for descxibing rho
electfopréduction are the following:

1. E - laboratory energy of the incident electron,-

2. E'- laboratoryenergy of the incident electron.

3. 8- laboratory scattering angle for electron,

‘4".¢e~p— angle between electron scattering plane and the
production plane for the rho.

5. t - momentum transfer between virtual photon and the
electro-produced rho.

6. @,~ the angle between the rho production plane and the
decay plane for the rho decay into two pions,

7. 8+~ the angle in the rho center of mass system between
the direction of the rho and the direction of the W+
from the rho decay,

In terms of these variables the rho electroproduction

cross section can be expressed in the form:

2 2 2 2
9 T =T S-i'g‘(AcoS 6,* Bsin € + Csin"6_ cos (o,
a0 dr'dtdg a0 '
e e-p

dt p+ Q-i-)

- (/1, )

+ Do p +
D ¢n9+cosa+cos(@ep ?,))
Here I' is the number of transverse virtual photons and

da . - . . .
<, 1s the cross section for ghotoproduction of rhos. A

at »

B, C,-and D give respectively the longitudinal contribution,
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the transverse contribution, the transverse interference, and the
longitudinal transverse interference. It is clear from equations

(1) that by measuring the rho electroproduction for the same momentum
transfer-and for several different center of mass decay angles, one
can determine A, B, C, and D. Thus one can completely separate out
all of the elements of the density matrix. Because of the small
angles in§olved and the divergence of the incident beam it is in
general difficult to determine the momentum transfer to the proton

by measurements dn the 2w system, The momentum transfer can be most
conveniently measured by observing the recoil proton i;self. For

massive photons

2
t = (k—p)2 = kz + p~ - 2kep

where k is the four momentum of the virtual photon and p is the four
momentum of the electroproduced rho. The recoil proton energy is

related tod t through the expression:
IMT = -t
P

Since we will be using virtual photons with large masses, the recoil
energy will be somewhat larger than in photoproduction experiments.
The 2 pion system can be used to determine the center of mass

decay anzle of the pair. To a good approximation:
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E, - E

R = e e e
E, + B

is a pood measure of the center of mass decay angle. In fact:

1o

: 2
= - M
R Bc 1 -——-iL—*- ) cos O

2 +
(2, +E)

Here Bc is the velocity of the pion in the rho center of mass systen
and 6+ is the centef of masé decay angle. Thus the two -pion systenm
can be used to determine the density matrix elements and the recoil
proton can be used to measure the momentum transfer. This is a power-
ful technique as it will'pe%mit us to make a longitudinal/transverse

2
separation as a function of v,q  and t.
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APPENDIX G

DETAILS OF RECOIL PROTON DETECTION

An experiment to measure photoproduction of any neutral meson .

regardless of the decay mode via the reaction:
Y+ P>P+X°

using the missing mass technique, has recently been completed in the
tlZ resolution taggéd photon beam at the Cémbridge Electron Acceler-
ator. In a 60 cm iy target with a proton spectrometer covering 1/20
of the azimuth, 210° of pclar angle and a recoil proton kinetic energy
range of 50 to 400 MeV, the numher of mesons detected was about l/]_G6
equivalent quahta and the triggering rate about 5 times this much,

A missing mass spectrum obtained in the ow region is shown. The u

3

% mass resolution

peak on top of the o illustrates the =25 eV or =3
obtained. The missing mass kinematics are extremely favorable in the
high energy range ( energy much greater than the proton mass) so that
it is relativelv easy to do missing mass studies on tne recoil proton
from muoproduction with a recoil proton spectrometer at 60° from the
target. The forward spectrometer observes the scattered muon
and the decay products of the missing mass. First we will discuss
the kinematics and then we will give details of the nroten trigger.

If T is the kinetic energy and P is the momentum'o. a proton of

mass M recciling from =lastic scattering bv a massless particle of
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energy v, then the angle of the recoil proton is:

!

I (N M
.COné}EL P (1 + N

Clearly as ¢ + « the recoil angle ¢ becomes independent of energy.

[}
'
H

cos ﬁEL P
tandg = |7

The four-momentum transferred to the proton is t = 2MT.
For the same four-momentum transfer, the production of a particle

of mass m results in a recoil proton of kinetic energy T at angle ¢

given by:
mz = 2T (1) | gos 2 _ 11
) ' ) cos & _
. - "EL

Again for v 5> M it can be shown that:

[N
[

=Qv VET (o - 9)

or

3
#

2 QAWE Gy - 0)

Thus the mis%ing mass .resolution if given by:






Hence for a fixed t, and given angular resolution, and fixed percent
energv resolution of the incident beam, all missing mass experimepts
at a given value of mzlv’ should have the same mass resolution at
low t. Scaling from our 37 mass resolution (for missing masses in
the range .5 ~ 1.2 GeV) obtained in a real experiment with 5 GeV .
(:1%)?? rays, we expect at 50 GeV (21%) virtual photon energy a mass
resolution of 3% for missing masses in the range 1.6 - 4 GeV.

For production of a missing mass by a virtual photon of four

momentum q2 and energy v, the formula is slightlv changed:
2., 2
q” + " =Qu (G - 9)

. 2 ' 2
Hence as long as q doegn't get too large (q2 < 1 Gev™), the mass

resolution will remain unchanged.

The Receoil Proton Trigrer

A recoil proton spectrometer consisting of 1 mm scintillators
near the target, existing magnetostrictive wire spark chambers with
a 6' long by 6" high active area té measure the recoil proton angley
and 50 cm thick scintillators to measure the proton kinetic energy
by pulse height and the time of flight, can be installed at 60° on
each side of the licuid HZ target. This will not interfere with the
forward spectrometer.

The trigger for this apparatus is any slow proton in the proton

spectrometer in coincidence with a penetrating particle of energy
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nax max .

o = o__(v) &(v) dv 6Lv)

Hp YP v
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-
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g

v, .
min - mliil

The integral is just the probability of virtual photon emission per
s . _ -3 s
incident muon. This works out to 2.5 x 10 per incident muon for
virtual photons emitted with 50 < v < 90 GeV. For a beam of
6 . , 3 s ,
10" y/pulse this gives 2.5 x 107 tagged virtual photons per pulse.
" L. -5 . . s -2 .
The event rate is 3 x 10 per photon which vields 7.5 x 10 recoil
proton events per pulse. Thus the number of events with a detected
; o e 4
recoil proton is 7.5% of the total number of events, or 2.4 x 10
events.
It is interesting to note that if a cuick missing mass search
in the 1 to & GeV range would be interesting, it could possibly be run
7 .. c P . . .
at 10" u/pulse incident for 40 hours to ohtain the same number of
events., This is because the recoil oroton detection allows wvou to
relax the forward spectrometer trigoer to anv venetfating particle of
50 GeV or less. These particles will be swept out of the central

beam aresa by the analvzing magnet.:



A?PENDIX i
MUON TRIDENTS AND W MESONS
Muon tridents are interésting because they are totalilep;onic

processes with cross section down_a-factor of o from other
leptonic electromagnetic processes. In the reaction

O e
the heavy nucleus serves only to absorb the recoil momentum needed
to make a pair'of muons:

t = lmu2 ? = Amuz m
For incident energies in the 0.1 -~ 1.0 TeV range, the recoil is
so small that ‘the neavy nucleus is néthing but a spectator. It is
therefore an excellent ahproximation to consider tridents as
equivaleﬁt to nmuon-muon scattering and nxiiation of virtual high
mass photons{(which decay into muon pairs) pv incident muons. Bccause
tridents nave such a small cross éacticn, and the final state is

ng but nenerrating sarticles whichn

}ete

so well comscrained ( 3 non-shower
balance enerzv and momentum with the incident muon) clic muon trident

reaction is perfect to use as a means of studving anomaious inter-

actions of the muon.

oo
»

If heavy leptons exist, if Leg—wick photons exist, or there
some new muonic quantﬁm wnich explains the nuon's mass, then all of
these processes will.nresumably be submergzad in the background of
standard muon electromagnetic interaccions i.g, muon-electron

scattering and muon bremsstrahlung. Dv trisgering on the trident
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final state, you get a well constrained event with a cross section at

the level of 10“30 cmz per lead nucleus which determines the

triggering rate., For comparison this triggering cross section is

6 . . . 4
10 times the incoherent W production cross section in lead or 10

times the fully coherent W cross section.

The total cross section for muon trident production on Carbon is

shown in the accompanying figure. At 12 GeV the Carhon cross section
i " 2 .

scales to Lead by the factor of 0.5(82/6) = 93 , so we use this
same factor at 100 GeV to be ¢onservative. Thus we take the total
cross section for a 100 GeV muon to directly produce a muon pair
in Lead as o= 4.65 ub per nucleus. If we require all 3.final state
muons to have energies greater than 5 G=V then the cross section
droos to o = 1.16 ub. per Lead nucleus.

All the three muons from the trident come out in a small cone

. 2, . - -

about tiie beam. If ¢ is defined as the 4-mopenrun transfer Irom

tate musn, chen the

(o)
m

the incident muon to the highest enerev fina
s s . . p , 8 . . .
differentiel cross section drops off as 1/gq as shown in thes second
figure. This drop-off is so sharp that it is probably unraozsonahle
to consider g.e.d. tests which involve small discrenancies. Yowever

the q.e.d. cross section is down by four orders of magnitude at

2 2 . . ;
¢ of 0.3 GeV'sg catastrophic g.e.d. breakdowns like Lee-VWick photons

s}

or heavy leptonrs should stick out like a sore thumb in this region,
if they exist!

The experiment pronosed is as follows. The only change required
in the main apparatus is to replace the liouid HZ target'by a

target made up of 19 slabs of Lend each 8 in. square and 2 in.

thick and each senarated bv zn 3 inch scuare multiwvire proportional
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counter. The proportional counters, by their proportionality,
indicate the number of particles produced in ﬁhe target and if the
tracks are separated enough also measure their direction. The target
is followed by 4 12 in., square by 1 in. thick scintillators which
decide when more than twice minimum ionization emerges from the
target.

The particles emerging from this heavy target then pass through
the rest of the apparatus which is triggered by the additional
requirement of 1 penetraﬁing particle on each side of the beam and
no showers in the shower counters. This trigger proved Guité success-
ful in our Brookhaven experiment. Since we know that the experiment
can be done at an intensity of 105 muons/pulse we take this as a
conservative estimate for the flux. 106 pulses give 1011 muons ior
the experiment,

The 20 inch Lead targetr (~100 Xo ) gives a counting rate of

X
100x 5.52 x 10F «6.02x102°

. S .
[207.2= 1.80 x 107 svents/ b

which results in 200,00C events for the 1.16 ub cross section.

i
¢}

2
Of course most of these events have decidedly low a and are relatively

uninteresting. However they are too hard to select against in the

trigger so they are accepted and used to measure the total trideat

the svsteratic errors. Anv anom-

[t}

cross section to the ~1X level o

i
alous events will stick cut in the hieh ¢ region and will be a great

1)

discovery (if thev exist)!t-

It is important to note that the beam usged in the

~ rt

. . a2 : N ..
experiment is onlv 107 per pulse wvhenzs in privciple 10 are
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availible. This is because the entire experiment is done directly

in the beam. If the spill is really one second and the beaﬁ is clean,
then 106 muons/pulse could be used and the experiment could be done
in lO5 pulses. If a hint of an anomalous muon interaction were to
appear éither before the experiment is run or in the first ruo then
the full beam of 107 could be used with a restrictive trigger to

look for the particular process.



